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58
A computational and statistical framework was created to simulate and calculate the diffusion of 59 monogenic variations over multiple generations through a population of organisms. Although the work was 60 originally aimed at exploring aspects of cystic fibrosis (CF) in humans, the tool is generally applicable to the 61 modelling of the epidemiology of mutations, where there are differences in fitness and/or survival success rates 62 between homozygous and heterozygous individuals. This is based on the observation that heterozygous carriers 63 of some common mutations, e.g. in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, seem 64 to have a survival/fecundity advantage compared to non-carriers [1, 2] , while the homozygous state results in a 65 definite disadvantage. An example of a heterozygous advantage that is environmentally dependent is malaria 66 resistance [3, 4] , bringing with it the risk of sickle-cell anemia in homozygotes. Another common example of a 67 heterozygous advantage is the MHC complex in vertebrates [5] .
68
The implications of such a benefit (termed 'selective advantage') was investigated by Haldane [6] , who 69 focused on the mathematical probability of purely beneficial mutations becoming established in a population of 70 size N. Haldane's results were subsequently refined by Wright [7] , Kimura [8] , and others. Wright also 71 introduced the notion of 'effective population size' (N e ), to account for effects such as non-random mating, 72 inbreeding and unequal sex ratios, which may influence the effectiveness of natural selection forces.
73
For human populations we further extend this approach by drawing on the results of Dunbar [9] and 74 Lehmann [10] to propose a realistic range and upper limit to the size of the group from which an individual is 75 likely to select a mate. This is analogous to the 'breeding unit' introduced by Wright in 1946 [11] , which he 76 termed N n , being the spatially closest individuals in a circular area with a radius of : 2 = 4 2
77 with the standard deviation of a spatially distributed 2-dimensional normal distribution around an 78 individual and the distribution density. This reflects the observation that the parents of an individual organism 79 are more likely to be proximate than remote, and, as Nunney suggests [12] , that N n will be relatively constant, 80 subject to the assumptions that is a property of the species and that there is a negative correlation between 81 dispersal and density, i.e. that one can normalize for d. This leads to a parental probability distribution solely 82 dependent on distance r : 
95
We then explore the effect of this community size, in conjunction with the selective advantage of a given 96 mutation, on the probability that such a mutation will become established in the population, and on the eventual 97 equilibrium levels that are reached, especially in the case of mutations that are beneficial when heterozygous, but 98 pathogenic (or less beneficial) when homozygous. Such mutations do not necessarily become ubiquitous once 99 established. Conversely, if we know the occurrence levels of such a mutation in a population, we can use our 100 model to estimate the selective advantage that it confers on heterozygous carriers, without requiring any 101 knowledge of the specific manifestation and mechanism of such a selective advantage. 
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So for each value of k we have the probability that X n+1 is heterozygous given that k of the parents in its 202 community are heterozygous. We can combine these conditional probabilities by conditioning on the number of 203 neighboring parents that are heterozygous:
205
From the first and second moments of the binomial distribution we know that for any , we 
212
Equilibrium will be achieved where . This leads to a quadratic equation which can be = + 1 = 213 solved easily, although the resulting expression is somewhat cumbersome.
214
In the case where both s and p n are small, the product sp n is a second-order term, so a first-order 215 approximation to the equilibrium value is given by 216 . = (1 + ) - Dunbar's number for humans) and . Both of these scenarios eventually reach equilibrium at 4%, after = 2.95% 236 hundreds of generations.
237
The implication is that the actual advantage of being a carrier is indeed higher than the result that would 238 be obtained without taking into account the limited community size, where consanguinity augments the 239 probability of producing homozygous offspring. 274 2. By using actual prevalence values for a given monogenic variation (such as for CF), and assuming that 275 equilibrium has been reached, one can estimate the selection coefficient, without requiring any 276 knowledge of its specific manifestation and mechanism.
11 277 3. Assuming equilibrium, we estimate that being a heterozygous CFTR mutation carrier confers a 278 selective advantage of at least 3% (depending on our assumption regarding N n ). 
Materials and Methods
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Monte Carlo run results (N=10 6 , s hom = -1, max 10000 generations per point).
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